Chitosan, poly-(β-1→4)-2-amino-2-deoxy-D-glucopyranose, is one of the most abundant natural polymers extracted from crustaceous shells, or from some fungi, and a partially deacetylated derivative obtained by an alkaline treatment of chitin. The degree of deacetylation influences the chemical, physical and biological properties of chitosan. 1 The chemical structure of CTS is as follows: 2 From the chemical structure of CTS, we can easily find that chitosan has both amine and hydroxyl groups, serving as excellent chelating sites, which can be chemically modified. On the other hand, the presence of a secondary structure in chitosan formed by hydrogen bonding is expected. In such a case, chitosan demonstrates unique exchange, chelation and adsorption abilities towards many metal cations, organic substances and so on, which allow it to be widely used in analytical chemistry.
From the chemical structure of CTS, we can easily find that chitosan has both amine and hydroxyl groups, serving as excellent chelating sites, which can be chemically modified. On the other hand, the presence of a secondary structure in chitosan formed by hydrogen bonding is expected. In such a case, chitosan demonstrates unique exchange, chelation and adsorption abilities towards many metal cations, organic substances and so on, which allow it to be widely used in analytical chemistry. [3] [4] [5] [6] [7] Nowadays, chitosan involves important polysaccharides proposed for many applications, but mainly for water clarification, biomedical, pharmaceutical and cosmetic uses. [8] [9] [10] [11] Reports about the determination of CTS are few, and mostly focus on spectrophotometry. For example, Curotto studied the quantitative determination of chitosan and the percentage of free amino groups with ninhydrin. 12 However, only the 2-amino-2-deoxy-β-D-glucopyranose units of chitosan were able to form colored products with ninhydrin. Prochazkova used a simple method for the quantitative analysis of chitosans based on the ninhydrin reaction; the linear range is 10 -120 mg l -1 . 13 Muzzarelli used Cibacron brilliant red 3B-A for colorimetric determinations of chitosan in a resulting solution of 0.5 g l -1 . 14 This method can not be applied to modified chitosans, such as N-carboxymethyl chitosan, glutamate glucan, and similar amphoteric polyelectrolytes, because of a deviation from linearity. Li used the aminoglucose hydrolyzed from CTS in HCl and spectrophotometry to determine the content of CTS, in which the operation was complex and time-consuming. 15 However, a report about using electrochemical analysis has not been seen. In this paper, we consider the conditions for determining CTS and the electrochemical characteristics in detail. In a 0.05 mol l -1 potassium hydrogenphthalate buffer solution (pH 2.5), CTS created a pair of oxidation-reduction peaks at -0.62 V (vs. SCE) and -0.54 V (vs. SCE). The increase in the peak current was proportional to the concentration of CTS, which could be used to determine CTS in real samples with satisfactory results.
Experimental

Apparatus
Voltammetric measurements were carried out in a model CHI 604 voltammeter (Shanghai Chenghua Instrument, China). The three-electrode system consisted of a hanging mercury drop electrode (HMDE) as the working electrode, a saturated calomel electrode (SCE) as the reference electrode, and a platinum auxiliary electrode as the counter electrode. Ultra pure N2 (O2 < 2 ppm) was used to remove dissolved O2 from the solutions and to provide an inert atmosphere inside the cell. A Shimadzu Model UV-2550 was used for spectrophotometric determinations.
Reagents
A 1.0 mg ml -1 stock solution of CTS was prepared by dissolving 100 mg of CTS (purchased from Sigma, deacetylation degree 85%, molecular weight 5 × 10 5 Da) in 100 ml of a 2.0 mol l -1 HAc solution. A 0.5 mg ml -1 stock solutions of chitooligosaccharides (COS) was prepared by dissolving 50 mg of COS in 100 ml of a 2.0 mol l -1 HAc solution. A 0.01 mol l -1 potassium hydrogenphthalate buffer solution was prepared by dissolving 5.1 g of potassium hydrogenphthalate in 500 ml of A sensitive method for the determination of chitosan (CTS) by cathodic stripping voltammetry is presented. The method exploits a pair of oxidation-reduction peaks of CTS at -0.62 V (vs. SCE) and -0.54 V (vs. SCE), and an enhancement of the peak current of CTS observed in a 0.05 mol l -1 potassium hydrogenphthalate buffer solution (pH 2.5). The peak current is linear with the concentration of CTS from 5.0 × 10 -7 to 1.5 × 10 -5 g ml -1 , and the detection limit is 1.0 × 10 -7 g ml -1 . We studied the characteristics and the mechanism of the electrode reaction, which proved that this process was diffusion controlled. This method was applied to determine the content of CTS in real samples with satisfactory results. water, and the pH was adjusted to 2.5 with HCl. All of the reagents used were of analytical grade, and twice-distilled water was used throughout.
Experimental procedure
Under the optimized conditions for high sensitivity, voltammetric experiments were carried out while scanning the potential from -0.35 V to -0.75 V (vs. SCE). Solutions inside the voltammetric cell were degassed with ultra pure N2 for 5 min before the potential scan, which was performed after a 10 s rest time. Voltammograms were obtained in a 0.05 mol l -1 potassium hydrogenphthalate buffer solution (pH 2.5).
Results and Discussion
Optimum conditions
The electrochemical behaviors of CTS in different buffer solutions, including NaAc-HAc, Britton-Robinson (BR), potassium hydrogenphthalate buffer solution, and (CH2)6N4 were investigated, but the peak was of good shape and high sensibility only in the potassium hydrogenphthalate buffer solution.
When the concentration of potassium hydrogenphthalate buffer solution was 0.05 mol l -1 , the peak current was great and stable. We such chose a 0.05 mo1 l -1 potassium hydrogenphthalate buffer solution in the experiments.
Effect of the pH on the peak current
The effect of the pH on the peak current was studied in the pH range of 1.5 -4.0 (Fig. 1) , and showed that a strongly acidic medium was necessary. The peak current of CTS increased in the pH range 1.5 -2.5, and the best response was obtained at pH 2.5. At higher pH, the peak current decreased rapidly and the peak shape was destroyed. Therefore, an optimal pH of 2.5 was chosen in the experiments.
Electrochemical behaviors of CTS
The cyclic voltammetric behavior of CTS at HMDE has been investigated. In Fig. 2 , cyclic voltammograms of 7.0 × 10 -6 g ml -1 CTS in the potassium hydrogenphthalate buffer solution (0.05 mo1 l -1 , pH 2.5) shows that a pair of oxidation-reduction peaks was obtained at -0.62 V (vs. SCE) and -0.54 V (vs. SCE), which indicates the reversibility of the electrode process. Typical repetitive cyclic voltammograms are shown in Fig. 3 ; the peak current does not decrease when scanning successively, which indicates that the electrode process may be diffusion controlled.
Stripping voltammograms at different concentration of CTS in 0.05 mol l -1 potassium hydrogen-phthalate buffer solution (pH 2.5) are shown in Fig. 4 . CTS yields a well-defined stripping peak at -0.62 V at HMDE, and the peak current increases proportionally with increasing concentration of CTS, which can be used to determine CTS.
Effect of the scan rate on the peak current
According to the Randles-Sevcik formula, we can obtain ip = kCv 1/2 . Taking the figure of ip -v 1/2 , if there is a straight line, the reaction substance is controlled by diffusion; if the curve is tiptilted, the reaction substance is controlled by adsorption. In the present experiment, the peak current (ip) varied with different scan rates (v) over the range of 50 -500 mV s -1 . From the relationship of ip and v 1/2 , a straight line was obtained (Fig. 5) , which indicates that the electrode process is diffusion controlled.
Influences of foreign substances
As listed in Table 1 , the influences of foreign substances, such as metal ions, adenine and dopamine, in 7.0 × 10 -6 g ml -1 CTS, were tested under the optimum conditions.
Linear range and detection limit
Under the optimum experimental conditions, the increase of 576 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 Fig. 1 Effect of the pH on the peak current. 0.05 mol l -1 potassium hydrogenphthalate buffer solution + 7.0 × 10 -6 g ml -1 CTS; degassing N2, 5 min; quiet time, 10 s; scan rate, 100 mV s -1 . Fig. 3 Repetitive cyclic voltammograms. 0.05 mol l -1 potassium hydrogenphthalate buffer solution (pH 2.5) + 7.0 × 10 -6 g ml -1 CTS; other conditions are shown in Fig. 1 . 
Discussion of the reaction mechanism
In order to obtain more information, electrolysis was used. The working electrode was a large area, mercury electrode. An electrolysis potential of -0.70 V (vs. SCE) was applied. After electrolysis for 4 h, the peak current had decreased. After adding a defined amount of CTS, by using stripping voltammetry, a reduction peak of -0.62 V (vs. SCE) in this solution was obtained again. It was evident that the peak current came from the reaction of CTS.
In the UV-Vis absorption spectra (Fig. 6 ), there were adsorption peaks of CTS in 278 nm, and the absorbance increased with increasing CTS concentration.
With consideration of the structure of CTS, we suggested that the adsorption peak in 278 nm was due to the -C=O group, which was attributed to the oligomer coming from the degradation product of CTS. 16, 17 Because the oligosaccharide containing the -C=O group from the degradation products of CTS exhibits electroactivity, it could oxidate and reduce at HMDE to produce the peak current. We thus investigated the voltammetric characteristics of chitooligosaccharides (COS), the derivative of CTS. The COS also produced a sensitive stripping peak at -0.62 V, which confirmed the degradation product of CTS in potassium hydrogenphthalate buffer solution, and indicated that the peak current came from the oxidation and reduction of the oligomer of CTS at HMDE.
Based on the above discussion, we believe that this new method could be used to determine not only CTS, but also some other kinds of derivatives of CTS. ; degassing N2, 5 min; quiet time, 10 s; scan rate, 100 mV s ; (c) 6.0 × 10 -7 g ml -1 . A 0.002 mol l -1 potassium hydrogenphthalate buffer solution was used as a reference.
Determination of CTS in real samples
According to a reference, 18 real samples of CTS were made from the shells of shrimps and crabs. After 0.01 g of these real samples were ground into a 50 ml volumetric flask, they were diluted with a 2.0 mol l -1 HAc solution to prepare a stock solution of real samples, which were used in the determination of CTS. The determinations were performed by standard addition; the results are presented in Table 2 . The recoveries were between 102% and 106%, which showed that this new method could be satisfactorily used to determine the content of CTS in real samples.
Conclusion
This work presents a novel method for the determination of CTS by cathodic stripping voltammetry, which is more sensitive and simple than spectrophotometry. The characteristics and mechanism of the electrode reaction were studied. In a potassium hydrogenphthalate buffer solution, because of the creation of oligosaccharide containing the -C=O group from the degradation products of CTS, the electroactivity of active group in oligosaccharide was highly increased, and could oxidate and reduce at HMDE to produce a peak current. COS, the derivative of CTS, could also produce a peak current, implying that this new method could be more widely used, compared with spectrophotometry. 
